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Passivation Effects on Low-Temperature Gettering
in Multicrystalline Silicon
Mohammad Al-Amin, Student Member, IEEE, and John D. Murphy
Abstract—Annealing at  500 °C changes minority carrier life-
time in as-grown multicrystalline silicon substantially. Part of the
change arises from internal gettering of impurities, but surface
passivation for lifetime measurement results in additional effects.
We report experiments that aim to clarify the role of passivation.
Long-term annealing (up to 60 h) is performed on silicon nitride
passivated multicrystalline silicon, and lifetime and interstitial iron
concentrations are monitored at each processing stage. Lifetime in
all samples is improved under certain conditions, with improve-
ments always achieved at 400 °C. Increases are pronounced in
low-lifetime bottom samples, with improvement by a factor of 2.7
at 400 °C or 3.8 at 500 °C. Important differences are found com-
pared with our previous study with iodine–ethanol passivation.
First, as-received lifetime is higher with silicon nitride not due to
a substantial difference in surface recombination. Second, while
interstitial iron concentrations often initially increase with iodine–
ethanol, they tend to reduce with silicon nitride. Third, lifetime
in high-lifetime samples reduces substantially with iodine–ethanol
but increases with silicon nitride. Secondary ion mass spectrom-
etry reveals high iron concentrations in annealed silicon nitride.
Results are discussed in terms of gettering of impurities to, and
bulk passivation arising from, silicon nitride films.
Index Terms—Gettering, iron, multicrystalline, passivation,
silicon.
I. INTRODUCTION
MULTICRYSTALLINE silicon (mc-Si) wafers containcrystallographic defects, such as grain boundaries and
dislocations, as well as considerable concentrations of transi-
tion metal impurities. Metallic impurities exist in many forms,
including as point-like defects in the bulk, in precipitates, or
bound to dislocations. Most of the transition metals are tied up
in precipitates [1], which are strong recombination centers, but
per impurity atom are less detrimental to minority carrier life-
time (henceforth just “lifetime”) than point-like defects in the
bulk [2]. The distribution of defects can be modified by thermal
processing to maximize the lifetime.
One approach to improve lifetime is to apply an annealing
procedure at low temperatures ( 600 °C). At such temper-
atures, the solubility of many impurities is low; therefore, in
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theory, such procedures should not result in the release of metals
from precipitates in the material, and the risk of external con-
tamination is small. Even at these low temperatures, many free
metallic impurities are sufficiently mobile that they are relocated
within the photovoltaic (PV) substrate or device. Many studies
have been performed into low-temperature annealing of mc-Si
[3]–[8], and under certain conditions low-temperature process-
ing can improve lifetime [6], [7], increase cell efficiency [3], [8],
and reduce interstitial iron concentration [4], [5]. However, the
mechanism underpinning the changes that occur is not fully un-
derstood and slight differences in experimental methodologies
have been shown to result in substantially different findings.
Our previous work has shown that low-temperature annealing
in the absence of a dielectric surface passivation film can im-
prove lifetime in relatively poor mc-Si wafers from the bottom
and top of an ingot by redistribution of impurities [6]. Sur-
prisingly, the initial impact on relatively high lifetime wafers
from the middle of the ingot was a dramatic reduction in life-
time. In addition, despite the interstitial iron being massively
supersaturated at the temperatures used [9], the interstitial iron
concentration did not always reduce. In many cases, the impact
of low-temperature annealing was to increase the measured in-
terstitial iron concentration, and the interstitial iron changes in
sister samples with near identical microstructures did not ex-
hibit a simple temperature dependence. Our findings were in
stark contrast with a previous study by Krain et al., which used
silicon nitride (SiNx ) surface passivation on samples from differ-
ent height positions of the block [4]. In their study, a systematic
reduction in the interstitial iron concentration was found and the
activation energy for this process was consistent with that for
the diffusion of interstitial iron. This paper aims to address this
apparent conflict and to further the understanding of the initial
lifetime reduction.
Why might the surface passivation treatment be a relevant
issue for low-temperature gettering? SiNx films deposited
by plasma-enhanced chemical vapor deposition (PECVD) at
temperatures around 300 to 425 °C are hydrogen rich [10], [11].
There is clear direct evidence for hydrogen entering the bulk
from SiNx films after annealing at temperatures considerably
higher than the deposition temperature. For instance, very
short (∼1 min) post deposition annealing at 750 °C gives rise
to the formation of platinum–hydrogen complexes [10], and
deuterium trapped at oxide precipitates is detected by secondary
ion mass spectrometry (SIMS) in samples with deuterated SiNx
fired at 800 °C [12]. At lower temperatures, direct evidence of
bulk hydrogenation is difficult to obtain due to the lower concen-
trations involved. However, if hydrogenation does also occur at
these temperatures, then it could affect both lifetime and internal
This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/
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gettering of interstitial iron. Furthermore, the possibility of
external gettering during the long low temperature annealing
procedure should not be excluded. Rinio et al.’s study on
partially processed cells concluded that external gettering to the
emitter was responsible for most of the improvement observed
[3]. A recent study by Liu et al. has also found iron to be
segregated evenly within PECVD SiNx films on the surface of
iron-contaminated single-crystal silicon that has been annealed
at 700 °C [13].
Several studies using photoconductance lifetime methods
have found that the low-temperature behavior of iron in silicon
depends on the surface passivation scheme used [5], [14]–[16].
It is frequently suggested, although not explicitly proven, that
this is due to hydrogenation of the bulk from the dielectric.
Liu and Sun et al. compare the effects of SiO2 , Al2O3 , and
SiNx passivation on the iron concentration decay kinetics, and
find the decay kinetics depend on passivation type [5], [14],
[16]. Their results suggest that no or very little hydrogenation
occurs from the SiO2 , some hydrogen in-diffuses from Al2O3
and substantial hydrogenation occurs from the SiNx . Other re-
sults reported by Karzel et al. compare a room temperature
quinhydrone–methanol treatment with SiNx , with the latter in-
troducing hydrogen into the bulk that influences the behavior
of interstitial iron [15]. Hydrogenation control in mc-Si is very
important, and recent work has shown that it is possible to ma-
nipulate the hydrogen charge state [17] as a route to higher
lifetimes in PV substrates.
In this paper, we present the results of a comprehensive
study that aims to assess the role of surface passivation on
low-temperature annealing experiments. In our experiments,
we take into account the ingot height position from which the
samples were obtained, as this strongly affects the starting life-
time, interstitial iron concentration, and microstructure (partic-
ularly the density of grown-in dislocations). Sister samples from
each location are passivated with PECVD SiNx and annealed
300 to 500 °C. Lifetime and interstitial iron concentration are
measured at every annealing step with bulk lifetime measure-
ments and with photoluminescence (PL) imaging. SIMS is used
to measure the iron distribution in the SiNx films in certain
samples after annealing. The data are compared with our pre-
vious work using a temporary iodine–ethanol (I-E) passivation
scheme [6] to assess the impact of possible hydrogenation from
and gettering to the SiNx film.
II. EXPERIMENTAL METHODS
The key processing and characterization steps used are sum-
marized in Fig. 1.
A. Sample Selection
As-cut multicrystalline wafers (156 mm × 156 mm ×
200 μm) were sourced from four different height positions [top
(T), top middle (MT), bottom middle (MB) and bottom (B)] of
an edge block of a commercially grown boron-doped ingot. Re-
sistivities were in the range of 4.75–11.5 Ω cm. A single-crystal
Czochralski silicon wafer with a resistivity of 8 Ω cm and a
thickness of 740 μm was used for control purposes.
Fig. 1. Processing and characterization sequence for the low-temperature
internal gettering experiments.
Wafers were laser cut into 39 mm× 39 mm samples. Set I and
Set II samples came from adjacent locations of the wafers. For
each set of experiments, sister samples from subsequent wafers
with near-identical microstructures were selected for annealing
at different temperatures. Dislocation density maps for Set II
samples have been published previously [6]. The dislocation
density distributions are typical of those found in mc-Si, being
highest at the top and lowest at the bottom.
B. Surface Passivation and Lifetime Measurement
Samples were first chemically polished with a planar etch
solution comprising HF (50%), HNO3 (69%), and CH3COOH
(100%) in the ratio of 24:58:18 to remove saw damage. Sam-
ples, which are then 130 to 140 μm thick, were then subjected
to RCA cleaning. Samples from Set I were passivated with
∼70 nm SiNx grown on both sides by remote PECVD at
∼375 °C at Institut fu¨r Solarenergieforschung Hameln (ISFH).
This process required the samples to be at the deposition tem-
perature for approximately 10 min. Samples from Set II were
passivated with a liquid I-E solution using a method described
in [6]. The I-E passivation is only applied at the time of the
lifetime measurements and does not involve the sample being
heated above room temperature.
Lifetimes were measured at room temperature using quasi-
steady-state photoconductance (QSS-PC) [18] with a Sinton
WCT-120 lifetime tester. In this paper, we use τeﬀective to de-
note the measured minority carrier lifetime with iron in the
iron–boron (FeB) state, and where a single value is reported, it
is the value at an excess carrier concentration of 1 × 1015 cm−3.
In order to measure the bulk interstitial iron concentration,
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FeB pairs were dissociated by more than 50 consecutive in-
tense flashes (∼30 suns) of light with ∼10 μs decay con-
stant. Interstitial iron concentrations were determined from the
lifetime change that occurs when FeB complexes are disso-
ciated using the approach detailed previously [19]. More de-
tails about error considerations and detection limits are given in
our previous publication [6]. For some purposes in this pa-
per, we refer to the effective lifetime due to recombination
other than FeB pairs in the bulk. We define this according
to τother = ( 1τe f f e c t iv e − 1τFeB )−1 and calculate τFeB (the life-
time due to recombination of FeB pairs) at each step using
the Shockley–Read–Hall recombination parameters for FeB of
Rein and Glunz [20].
The spatial distribution of lifetime was measured with bulk
iron in the FeB and Fei state using a BT Imaging LIS-L1 PL
imaging system. PL images were acquired with excitation by
LEDs with a wavelength of 650 nm and these were calibrated
using the lifetime from QSS-PC [21]. All the lifetime images
presented in this paper are with iron in the FeB state and with
∼160 μm pixel size. The spatial distribution of interstitial iron
concentration was calculated from lifetime and excess carrier
concentration values at every pixel before and after dissociation
of FeB pairs, as reported in Macdonald et al. [22]. Lower in-
jection was used than in the bulk average measurement to avoid
unwanted dissociation of FeB pairs during measurement.
C. Low-Temperature Annealing
Three sister samples for each of Set I and Set II from every
height position were annealed at 300, 400, and 500 °C. SiNx
passivation remains on the Set I samples during annealing. After
each annealing step, samples were stored in the dark for 
36 h to ensure complete reassociation of FeB defects [23], prior
to recharacterization by QSS-PC and PL imaging.
D. Secondary Ion Mass Spectrometry Iron Measurements
SIMS was performed through the SiNx film and into the bulk
of the three Set I samples. Measurements were performed by
EAG Laboratories on a commercial basis. The measurement
depth resolution was < 1.5 nm/step, although the actual res-
olution was limited by the mixing of bombarded ions during
SIMS measurements. Data were collected from a circular area
with a diameter of ∼60 μm. The detection limit for iron was
∼4× 1014 cm−3. Silicon was monitored as a marker species
with its secondary ion intensity qualitatively measured, which
served to distinguish the locations of SiNx and the Si bulk in
the depth profiles. The depth was calibrated using the known
thickness of the SiNx film.
The SIMS depth profiles were taken from regions laser cut
out of the bottom samples annealed for the maximum duration
(33 h at 300 °C; 25 h at 400 °C; 60 h at 500 °C) in which
there was a large reduction (> 1012 cm−3) in interstitial iron
compared with the initial value. If such a concentration of iron
from a 140 μm thick sample is instead distributed in 140 nm
of SiNx (accounting for both sides), the average concentration
of iron in the SiNx would be > 1015 cm−3, which would be
detectable by SIMS. SIMS is sensitive to total iron; therefore,
Fig. 2. Injection-dependent lifetime in samples from the same p-type
Czochralski silicon control wafer (740 μm thick; 1.2 × 1015 cm−3 boron) with
different passivation schemes. The vertical dashed line and stated values are at
Δn = 1015 cm−3, as used for subsequent measurements on mc-Si.
any non-interstitial iron also gettered from the bulk may also
segregate to the SiNx layer.
III. RESULTS
A. Lifetime in Control Samples
Fig. 2 shows the injection dependence of lifetime in the
Czochralski silicon control samples taken from the same wafer,
which have a similar doping level to the mc-Si samples studied.
The lifetime at Δn = 1015 cm−3 is 433 μs with SiNx passiva-
tion and 528 μs with I-E passivation. On the assumption that
the bulk lifetime is the same in both samples after passivation,
any difference would be due to different surface recombination
velocities. Under this assumption, the surface recombination ve-
locity would be 22% higher in the SiNx case. It is not possible
to give an absolute value for the surface recombination velocity
partly because the condition of near-infinite bulk lifetime in the
control is not satisfied. Previous work with the same SiNx pas-
sivation scheme on 670 μm thick samples (similar doping, same
injection) gives effective lifetimes up to 3.1 ms [19]. This puts
an upper limit on the surface recombination velocity at around
11 cm/s for the SiNx scheme used here. A value for I-E lower
than this is consistent with the literature [24].
B. Bulk Lifetime and Interstitial Iron Data
QSS-PC lifetime and interstitial iron measurements for the
Set I samples passivated with SiNx are shown in Figs. 3 and
4, respectively. Data are shown for the four ingot height po-
sitions, and sister samples at each position were annealed at
either 300, 400, or 500 °C for the cumulative annealing time
shown. A summary of the ultimate effects of low-temperature
annealing on the samples studied is given in Table I. In ad-
dition, given in Table I are values of τother in the as-received
samples with both passivation types. The SiNx surface passi-
vation did not degrade dramatically upon annealing. If a small
degradation did occur, then the impact of low-temperature an-
nealing on the true bulk lifetime is actually more significant than
we have reported. We note that it is not easily possible to use
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Fig. 3. Lifetime in Set I samples with SiNx surface passivation measured by
QSS-PC at an injection level of 1 × 1015 cm−3 for samples from the top (T), top
middle (MT), bottom middle (MB), and bottom (B) of the ingot. Sister samples
were annealed at 300 °C, 400 °C, and 500 °C for the cumulative annealing time
plotted. The dashed lines represent the as-grown values.
Fig. 4. Bulk interstitial iron concentration ([Fei ]) in Set I samples (SiNx
passivation) for samples from the top (T), top middle (MT), bottom middle
(MB), and bottom (B) of the ingot. Sister samples were annealed at 300 °C,
400 °C, and 500 °C for the cumulative annealing time plotted. The dashed lines
represent the initial values.
Fig. 5. Comparison in normalized lifetime with iron in the FeB state for the
Set I (SiNx ) and Set II (I-E) samples from the top (T), top middle (MT), bottom
middle (MB), and bottom (B) of the ingot. Samples from every set were annealed
at 300 °C, 400 °C, and 500 °C for the cumulative annealing time plotted. The
lifetimes were measured at an injection level of 1 × 1015 cm−3. The values
in the brackets represent the as-grown lifetime. The dashed lines represent the
starting states.
control samples to monitor low-temperature annealing effects
on surface recombination, as the bulk lifetime in float-zone sil-
icon can degrade substantially [25] and thermal donors form in
Czochralski silicon toward the top of the temperature range we
have investigated.
Fig. 5 shows a comparison in lifetime normalized to the start-
ing value for the Set I (SiNx passivated) and Set II (I-E passi-
vated) samples for samples from all height positions annealed
at 300, 400, or 500 °C for the cumulative annealing time shown.
Fig. 6 shows the corresponding comparison between Set I and
Set II for interstitial iron concentration. Absolute data for Set II
samples have been published previously [6].
Spatially resolved lifetime measurements were performed af-
ter every annealing step, with images acquired with iron in the
form of FeB pairs, as well as interstitial form. Lifetime images
with iron in the FeB state are shown in Fig. 7 for selected sam-
ple types and annealing times. The two left columns show a
comparison between bottom samples annealed at 400 °C with
either I-E or SiNx passivation. The right two columns show a
similar comparison for bottom middle sample. Maps of the in-
terstitial iron concentration distribution for the same conditions
are shown in Fig. 8.
C. Secondary Ion Mass Spectrometry Depth Profiles
Data from the SIMS measurements are presented in Fig. 9.
The top plot shows the secondary ion intensity, which was used
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Fig. 6. Comparison in normalized interstitial iron concentration for the
Set I (SiNx ) and Set II (I-E) samples from the top (T), top middle (MT),
bottom middle (MB), and bottom (B) of the ingot. Samples were annealed at
300 °C, 400 °C, and 500 °C for the cumulative annealing time plotted. The
values in the brackets are the interstitial iron concentrations (× 1011 cm−3) for
as-grown samples. The dashed lines represent the starting states.
to estimate the position of the SiNx film. The bottom plot shows
the iron concentration as a function of depth. A thin (∼20 nm)
layer of contamination was found at the surface of each sam-
ple. This is likely to have accumulated during the 18 separate
annealing and characterization steps. Whilst care was taken
to minimize contamination, SiNx passivated samples could
not be RCA cleaned after passivation to avoid damage to the
SiNx film.
Substantial concentrations of iron were always found in the
SiNx film. The concentration was highest nearest the sample sur-
face and reduced with depth into the sample. Neither a spike nor
a dip in iron concentration was observed at the interface between
SiNx and the mc-Si bulk. The concentration of iron in the SiNx
was dependent on the annealing temperature, with average con-
centrations being 2.0 × 1017 cm−3 at 500 °C, 4.0 × 1016 cm−3
at 400 °C, and 1.7 × 1016 cm−3 at 300 °C. The iron concen-
tration just beneath the mc-Si surface was above the SIMS de-
tection limit in all cases, being very high (> 1016 cm−3) in the
500 °C case.
IV. DISCUSSION
We do not repeat the discussion regarding the low-tem-
perature gettering effect observed in our previous publication
[6] in which data for Set II samples were presented. Here, we
discuss only new findings and key differences between the re-
sults of the two sets of experiments.
Fig. 7. Spatial distribution of lifetime with iron in the FeB state in selected
39 mm × 39 mm samples. Samples were annealed at the temperatures and
cumulative times shown and were sourced from the bottom (B), bottom middle
(MB) of a mc-Si block passivated with I-E and PECVD SiNx . Fig. 8 shows
corresponding interstitial iron maps.
A. Empirical Lifetime Changes in Silicon Nitride Passivated
Samples
Our data show that long low temperature annealing can im-
prove the lifetime in as-received mc-Si passivated with SiNx .
Fig. 3 shows that the effective lifetime in such Set I samples
from all block locations was increased by annealing at 400 °C.
The improvement was particularly significant in bottom sam-
ples, which experienced lifetime increases of a factor of ∼2.7.
Annealing SiNx passivated samples at 300 °C had a smaller
positive effect on lifetime in all cases except for the bottom
middle samples that were unaffected. The effect of annealing at
500 °C was mixed. The biggest relative improvement for any
sample was achieved by annealing bottom samples at 500 °C
with an improvement of a factor of 3.8 realized by annealing for
60 h. Annealing relatively high lifetime bottom middle samples
at 500 °C results in a reduction in lifetime, and the trend in top
sample was unclear.
The reason for differences in behavior between 400 and
500 °C is unclear. It is possible that some defects in the bulk
dissociate during annealing at the higher temperature and these
have a detrimental effect on lifetime in some cases. It is also
possible that the SiNx surface passivation is starting to degrade
in an uncontrolled way upon annealing at 500 °C, but this is less
likely as the lifetime does recover after a few steps.
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Fig. 8. Spatial distribution of interstitial iron in the same samples for which
lifetime measurements are shown in Fig. 7. Samples measuring 39 mm ×
39 mm were sourced from the bottom (B) and bottom middle (MB), passi-
vated with I-E or PECVD SiNx , and annealed at the temperatures and for the
cumulative times shown.
Only very limited data on the effect of low-temperature an-
nealing on lifetime in SiNx passivated mc-Si are available in
the literature. Liu et al. studied the effect of 400 °C anneal-
ing on mc-Si achieved an ∼2.6 times improvement in lifetime
in 5.6 h [14], although the actual values of effective lifetime
measured were considerably lower than ours. The PL images of
lifetime reported by Krain et al. are also qualitatively consistent
with our lifetime images reported in Fig. 7(b).
B. Interstitial Iron Changes in Silicon Nitride Passivated
Samples
In our mc-Si samples, interstitial iron is highly supersatu-
rated at the annealing temperatures used. Solubility data are not
available at low temperatures, but extrapolation of higher tem-
perature trends gives the solubility between 2 × 107 cm−3 [26]
and∼ 2 × 109 cm−3 [9], [27] at 500 °C and lower at other tem-
peratures. Our starting interstitial iron concentrations are several
orders of magnitude higher than this. It is not, therefore, sur-
prising that the interstitial iron concentration in SiNx passivated
mc-Si has a tendency to reduce on annealing at 300 and 400 °C
(see Fig. 4), as there is a driving force to form iron-containing
precipitates.
In our previous study, using I-E passivation [6], we com-
pared our iron decay data with those of Krain et al. [4], finding
our studies not to be quantitatively consistent. We offered two
possible explanations for this: 1) hydrogenation from their SiNx
Fig. 9. SIMS depth profiles from bottom samples annealed at 300 °C, 400 °C,
or 500 °C from Set I after the final annealing stage. (a) Secondary ion intensity
that is used to locate the SiNx film, the approximate extrema of which are
marked as vertical dashes. (b) Concentration measured in the SiNx film as well
as the top part of the mc-Si bulk. The detection limit was ∼ 4 × 1014 cm−3.
The ∼20 nm region nearest the surface is likely due to process contamination.
affecting the behavior of interstitial iron and/or 2) that their sam-
ples came from different parts of the ingot, so probably have
different microstructures. The decay in interstitial iron concen-
tration is clearest in bottom samples as these have the highest
concentration, and Fig. 6 shows that in these samples the decay
rates are similar for both passivation schemes we have used.
Thus, we conclude that hydrogenation (if it occurs) does not ex-
plain the difference between the studies and favor the remaining
explanation of microstructural differences among the samples.
If this is true then the correlation between the temperature de-
pendence of gettering and iron diffusivity found by Krain et al.
is likely to have been coincidental.
C. Differences Between Iodine–Ethanol and Silicon Nitride
Passivation Initial States
Initial lifetimes measured with SiNx passivation are
considerably higher than with I-E passivation (see Table I).
Lifetime measurements made on the Cz-Si control sample (see
Fig. 2) demonstrate that this is not due to differences in the sur-
face recombination velocity. The comparison samples are from
adjacent locations of the same wafers, and although small differ-
ences due to slightly different microstructures might occur, they
cannot account for the magnitude of the differences observed.
We therefore conclude that the bulk lifetimes are affected by the
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TABLE I
SUMMARY OF STARTING AND FINAL LIFETIMES AND INTERSTITIAL IRON CONCENTRATIONS, AND THEIR RELATIVE VALUES AFTER THE FINAL ANNEALING STAGE.
The red or green shading represent deterioration or improvement in bulk carrier lifetime, or an increase or decrease in the interstitial iron concentration, respectively.
choice of surface passivation technique, and possible reasons
for this are discussed later.
The starting values of interstitial iron concentration are de-
pendent on the choice of passivation method (Table I) with con-
centrations usually considerably lower with SiNx passivation
compared with I-E passivation. This finding is consistent with
the study of Karzel et al. [15], whose quinhydrone–methanol
solution is similar to our I-E solution in that it is a room temper-
ature treatment and probably does not introduce hydrogen into
the material. Karzel et al. offered possible explanation in terms
of hydrogen from SiNx passivation affecting the interstitial
iron concentration, as well as the diffusivity of interstitial iron.
Theoretical calculations suggest that hydrogen does not passi-
vate interstitial iron [28], although experimental results suggest
that hydrogen may interact with iron under certain conditions
[29]–[31]. One additional possibility raised by our SIMS data
showing iron incorporation into the SiNx is that interstitial iron
is gettered to the SiNx layer during the passivation treatment that
involves 375 °C annealing for ∼10 min. The kinetic feasibility
of this can be assessed using a double-sided diffusion model
described in [9] using the established diffusivity for interstitial
iron [26]. The biggest absolute difference in as-received inter-
stitial iron levels occurs in bottom samples annealed at 400 °C
(see Table I). Taking the true starting interstitial iron concen-
tration to be that measured with I-E passivation, modeling the
interstitial iron diffusion to both surfaces shows that 10 min at
375 °C results in an average bulk interstitial iron concentration
similar to that measured with SiNx . Thus, iron gettering to the
SiNx passivation film during the passivation treatment is kineti-
cally viable in this case, and this possibility for the discrepancy
between passivation methods is worthy of future investigation.
The difference in starting lifetimes between the I-E and SiNx
passivated samples is not just due to the differences in interstitial
iron levels. The values of τother given in Table I have the lifetime
due to recombination at bulk iron factored out and are always
substantially higher in the SiNx case. All we can claim for
certain is that SiNx does something different to the bulk lifetime
than I-E. The origin of this difference is not clear from our study
alone. Possible explanations might include bulk hydrogenation
by passivation (which has been directly proven to occur at higher
temperatures [10], [12]) or gettering of impurities other than
bulk iron to the SiNx film.
D. Comparison of Annealed Iodine–Ethanol and Silicon
Nitride Passivated Samples
As shown in Figs. 5 and 6, in some circumstances, the low
temperature annealing behavior is radically different between
the I-E and SiNx samples, and in other circumstances, it is qual-
itatively similar. As a general rule, annealing SiNx passivated
mc-Si from all block locations at 300 or 400 °C has a positive
effect on lifetime, whereas in the I-E case, the effect is more
mixed and can be highly detrimental.
Bottom samples with a relatively low starting lifetime and
relatively high starting interstitial iron concentration experience
lifetime improvements and longer term interstitial iron reduc-
tions with both passivation types. The kinetics of the decay in
interstitial iron concentration at a given temperature are very
similar in both sets of bottom samples (see Fig. 6), which sug-
gests that the main sink for interstitial iron is the same for
both passivation types. This is perhaps surprising given that the
samples for SiNx and I-E passivation for a given annealing tem-
perature were not sister, but adjacent, samples. They therefore
have similar properties by virtue of their ingot location by not
not near-identical microstructures. For the 400 °C case, Fig.
7(a) and (b) and Fig. 8(a) and (b) show the lifetime and inter-
stitial iron maps, respectively. With both passivation types, the
lifetimes increase with annealing and the interstitial iron con-
centrations decrease. The changes that occur are slow: much
slower than if diffusion-limited internal gettering of interstitial
iron is the only process involved. The gettering process requir-
ing the longest impurity diffusion length would be gettering to
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the SiNx film (or surface in the case of I-E passivation), yet
if known diffusion coefficients of interstitial iron [26] are used
with a two-sided surface diffusion calculation [9], the decay in
interstitial iron would be faster than observed experimentally
by a factor of ∼6 at 300 °C and ∼15 at 400 °C. At 500 °C,
after an initial increase, the decay is slower at 400 °C, which
is indicative of multiple mechanisms of iron gettering. This is
discussed in Section IV-F.
However, there are good reasons not to abandon the surface
or SiNx film gettering mechanism in bottom samples entirely.
Factors in favor include the SIMS data for SiNx samples, the
same interstitial iron decay in non-sister samples, and previous
studies that have found iron gettering to free surfaces in single-
crystal silicon [32], [33]. Trapping of interstitial iron at crystal
defects in mc-Si could slow down the effective diffusion pro-
cess of interstitial iron, and iron release from elsewhere in the
material at 500 °C could complicate the kinetics further.
The time dependence of interstitial iron and lifetime in sam-
ples from the middle of the ingot is strongly passivation de-
pendent. The abrupt reduction in lifetime observed in relatively
high-lifetime samples with I-E passivation [6] was rarely ob-
served in the SiNx case. For example, the lifetime in bottom mid-
dle samples reduced from 46.5 to just 7.6 μs after 6 h at 400 °C
with I-E passivation, whereas the same treatment with SiNx pas-
sivation increases lifetime from 112 to 163 μs. Lifetime images
for this sample type are shown in Fig. 7(c) and (d), with the inter-
mediate low-lifetime stage clearly visible with I-E but not with
SiNx passivation. Although the lifetime reduction in the case of
I-E passivation is accompanied by an increase in interstitial iron
concentration, this increase is far too small to account for the dra-
matic lifetime reduction. Why does lifetime reduce substantially
with I-E but not with SiNx? One possibility is that bulk passi-
vation from the SiNx film somehow prevents the formation of
the recombination centers that form with I-E passivation. Other
possibilities include the case where fast diffusing impurities are
released from locations within the bulk of the material upon ini-
tial annealing and are gettered by the SiNx film but not by a free
surface or that contamination from outside the sample can enter
in the I-E case but not in the SiNx case as the film might act as a
diffusion barrier. The subtleties observed in middle samples are
probably masked in bottom samples in which more dominant
effects arise from higher impurity concentrations.
E. Gettering of Iron to Silicon Nitride Layers
Our SIMS results (see Fig. 9) show that a high concentration
of iron exists in the SiNx film after annealing. As in the recent
study of Liu et al. [13], no peak in iron signal was observed
at the interface between the SiNx and the silicon bulk, which
demonstrates that the interface itself is not a site for gettering
or iron precipitation. The iron profile through the SiNx is also
fairly smooth (no large spikes), which suggests that iron has seg-
regated throughout the SiNx and does not exist in large precipi-
tates. (The step size for SIMS depth profiling was < 1.5 nm, and
therefore, large precipitates would be detectable in principle.)
The concentrations of iron found in the SiNx layer are higher
than expected if the only source of iron were interstitial iron
lost from the bulk. The area selected for SIMS analysis was
known from PL imaging experiments to have interstitial iron
reductions of up to∼ 2 × 1012 cm−3; therefore, if all this were
gettered to the SiNx the concentration in the SiNx would be
∼ 2 × 1015 cm−3. Fig. 9(b) shows substantially higher iron
concentrations in the SiNx than this. The additional iron could
come from iron-containing precipitates in the bulk, which in mc-
Si are well known to contain more iron than that is dissolved
in the bulk [1]. The possibility that some of the iron comes
from contamination cannot be ruled out, but it is noted that the
levels of iron beneath the mc-Si surface are well in excess of
the expected solid solubility of interstitial iron [9], [26], [27]
at the annealing temperatures used. Our results unambiguously
show that iron is highly soluble in SiNx films processed at low
temperatures, regardless of the origin of the iron. The absence
of any interface effects suggests that iron would enter the SiNx
from the mc-Si as well as from the surface of the sample. The
recent SIMS study on float-zone silicon by Liu et al. [13] com-
pared samples with and without bulk iron contamination, finding
much higher concentrations in the SiNx in the former case. Iron
gettering to SiNx films is therefore an important consideration
in the processing of SiNx passivated silicon solar cells.
F. Complexities of Low-Temperature Gettering in
Multicrystalline Silicon
Our results and those of others show that low-temperature
gettering in mc-Si is a complex problem. An interstitial iron dif-
fusion limited internal gettering model (as suggested by Krain
et al. [4]) does not explain all our observations presented here
and previously [6]. Specifically, it cannot explain why the re-
duction in interstitial iron is so slow, why interstitial iron levels
sometimes increase in spite of apparent supersaturation, and
why we observe slower decays in interstitial iron at 500 °C
than at 400 °C. Surface passivation does influence the low-
temperature gettering behavior, but not in a straightforward way.
Whilst it is tempting to state that hydrogenation from SiNx is
responsible for any differences, we have no direct evidence for
this. Our SIMS data and the recent study of Liu et al. [13] show
that iron is highly soluble in PECVD SiNx and, given the slow
decays in our work (and those of Krain et al. [4]), external get-
tering of interstitial iron at low temperatures is a very important
consideration. There are, however, differences between the two
passivation schemes (such as why the lifetime in high-lifetime
middle samples is more stable with SiNx than with I-E) that
external gettering of interstitial iron cannot easily explain. Pos-
sible hydrogenation from PECVD SiNx at low temperatures (
500 °C) is an important topic for direct future experimentation.
We summarize that at least the following six possible compet-
ing mechanisms must be understood to explain low-temperature
gettering in mc-Si:
1) internal gettering, whereby impurities diffuse to sites in
the material (e.g., grain boundaries, precipitates, or dislo-
cations);
2) defect reconfiguration, whereby defects change state with-
out long-range transport, which could include transforma-
tion of one point-like defect into another;
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3) external gettering of impurities, whereby impurities dif-
fuse to a layer at the surface (e.g., SiNx ) or the surface
itself;
4) bulk passivation of defects, whereby a species, such as
hydrogen, could diffuse into the material and changes the
recombination activity of defects;
5) changes in the surface recombination velocity, whereby
the properties of the interface between silicon and the
passivating layer/substance occur;
6) contamination from outside of the sample, whereby im-
purities undesirably enter the material in an uncontrolled
manner.
Importantly, several of the above mechanisms are highly
dependent on the specific properties of the mc-Si wafer pro-
cessed. Empirically, we have established that all as-received
mc-Si sample types studied can be improved under the right
conditions. However, just as is the case with higher temperature
phosphorus diffusion gettering [34], to maximize the benefit
the temperature and time should be tailored to the wafer type
processed.
V. CONCLUSION
We have performed a comprehensive study into the effects of
low-temperature annealing (300 to 500 °C) on minority carrier
lifetime and interstitial iron concentration in as-received mc-
Si wafers. We take into account ingot height position (which
influences microstructure) and initial properties, and we have
used two different passivation schemes (I-E and SiNx ). Under
certain conditions, substantial lifetime improvements have been
demonstrated in all sample types studied using either passivation
scheme. With the more cell-relevant SiNx passivation scheme,
annealing relatively poor bottom samples at 500 °C for 60 h
can improve lifetime from 7.2 to 27.5 μs. Annealing at 400 °C
for 25 h can improve lifetime in middle samples from 113 to
171 μs and in top samples from 16.5 to 23.3 μs.
The effect of low-temperature annealing on both lifetime and
interstitial iron is complex, and depends upon passivation type.
Starting lifetimes and interstitial iron concentrations depend
on the choice of passivation scheme, as does the subsequent
behavior with low-temperature annealing. Substantial lifetime
reductions observed after short anneals when measured with
I-E passivation are not found in the SiNx case, therefore, it
appears that SiNx offers more lifetime stability. The possibility
that this is due to bulk passivation (perhaps by hydrogen) is not
excluded by our results. Importantly, we show, for the first time,
that substantial concentrations of iron exist in the SiNx film
after low-temperature annealing. We suggest that gettering of
interstitial iron (and probably other impurities) to the SiNx film
is an important consideration that has usually been overlooked
in previous studies.
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